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Extraordinary large hysteresis effects in optical, electrical, and structural properties are observed in switch-
able mirrors based on thin yttrium hydride (YHx) films, deposited on quartz glass or sapphire. The pressure-
composition isotherms of the YHx system between x52 and 3 for absorption and desorption, determined
electrochemically, differ by approximately three orders of magnitude. The optical transmittance exhibits a
distinct minimum when loading the films from the dihydride to the trihydride state; however, upon unloading
this minimum is absent. The desorption data are in good agreement with literature data on bulk yttrium, but the
absorption results show large deviations. Most important for the metal-insulator transition is that during
hydrogen loading YHx remains in a single hcp phase for x.2.1. The hysteresis is discussed in terms of strains
~and consequently stress! at the interface between fcc dihydride and hcp trihydride.I. INTRODUCTION
Owing to their application for efficient hydrogen storage
and in rechargeable batteries, metal-hydrogen (MHx) sys-
tems have been the subject of extensive research over the
past century.1,2 Thermodynamics, crystallography, transport
properties, magnetism, electronic band structure, and super-
conductivity have been investigated in great detail in many
MHx systems. As most of these studies were done on bulk
material, the optical characterization of metal hydrides was
limited to absorbance and reflectance spectroscopy.3,4
The use of thin-film techniques in the preparation of MHx
samples introduced exciting possibilities for investigating
these materials, and as a result many intriguing phenomena
were observed. For example, it has been shown for palla-
dium that the reduced film thickness has a marked effect on
the thermodynamic phase diagram; for thin films the critical
temperature appears to be lowered considerably, indicating a
weakening of the elastic H-H interaction energy.5,6
The discovery of switchable mirrors based on rare earth
metal hydrides (RHx) was another result of the use of thin
films in the study of MHx systems. Huiberts et al.7 showed
that hydrogen absorption in yttrium and lanthanum induces a
metal-insulator transition accompanied by drastic optical
changes; the initially reflecting metal transforms into a trans-
parent insulator. Since this report, several authors have de-
scribed similar optical switching properties in other RHx and
in alloys based on these materials.8–15
Hydrogenation of switchable mirrors can be achieved ei-
ther by exposing the sample to a hydrogen gas
atmosphere,7–10 electrochemically by polarization in a suit-
able electrolyte solution,14–17 or chemically by immersion in
a NaBH4 solution.18 The major advantage of electrochemical
loading is the ability to control the hydrogen concentration.
Under oxygen-free conditions the hydrogenation reaction
Y1xH2O1xe2YHx1xOH2 ~1!
implies that the change of the hydrogen concentration Dx is
proportional to the transferred charge ~or equivalently, the
current integrated over time!. Additionally, the electrochemi-PRB 620163-1829/2000/62~15!/10088~13!/$15.00cal potential is related to an effective hydrogen gas pressure,
thereby offering the possibility to study the thermodynamic
properties of the system.
In our study of the physics of switchable yttrium films we
have encountered extremely large hysteresis effects upon
varying the hydrogen concentration. Under normal condi-
tions ~room temperature, atmospheric pressure! the hydrogen
concentration x in yttrium hydride (YHx) can be varied re-
versibly between b-YH21d and g-YH32d , both in electro-
chemical and gas-phase experiments. Lower concentrations
can only be reached by desorption at considerably higher
temperatures (;1000 K!.19 To our knowledge this is the first
report of such large hysteresis, either in bulk material or thin
films of any metal hydride.
In this paper we describe the influence of this hysteresis
on various physical quantities measured during hydrogen ab-
sorption and desorption in the reversible concentration range
(1.9<x,3.0). Optical transmittance and reflectance,
pressure-composition isotherms, and resistivity are measured
in situ during electrochemical hydrogenation. The crystallo-
graphic structure is determined by x-ray diffraction in a gas-
phase loading experiment, and related to the electrolytic ex-
periments by means of the simultaneously measured
resistivity. The desorption and absorption characteristics of
the YHx system are discussed separately. We show that the
desorption data correspond quite well to what has been re-
ported for bulk material, while the absorption results show
that a hexagonal single phase exists already for x*2.1 in
YHx . Finally, the hysteretic behavior, resulting from the dif-
ference in loading and unloading, is discussed in terms of
stress and strain at the interface between cubic dihydride and
hexagonal trihydride.
II. EXPERIMENT
Yttrium films of 300-nm thickness are evaporated in an
ultrahigh vacuum ~UHV! system ~pressure 1029 mbar dur-
ing evaporation! on quartz ~Suprasil 1, Heraeus! disks of
40-mm diameter. To prevent yttrium from oxidation, and to
catalyze hydrogenation, a cap layer of 15-nm palladium is
deposited in situ. After removing them from the UHV sys-10 088 ©2000 The American Physical Society
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~E-Solder 3021, EPOXY Produkte GmbH!. Subsequently,
the contacts are shielded from the electrolyte using an insu-
lating lacquer ~Apiezon!. In all experiments an initial hydro-
gen concentration x50.08 H/Y is taken into account.20
Electrochemical experiments are performed using an
EG&G Princeton Applied Research ~PAR! 263A
Potentiostat/Galvanostat in a three-electrode configuration. A
platinum sheet is used as a counterelectrode in a separate
compartment connected by a glass frit to the compartment
containing the working and reference electrodes. The glass
frit is used to hinder diffusion of O2, evolved at the counter-
electrode, through the electrolyte to the working electrode.
The yttrium/palladium sample is used as the working elec-
trode. A Hg/HgO electrode in 1-M KOH is used as a refer-
ence. All potentials are given with respect to this reference
electrode.
For single-wavelength transmittance measurements a di-
ode laser ~Melles Griot, l5635 nm! is used. The transmitted
intensity is measured with a standard photodiode in combi-
nation with a linear current-to-voltage amplifier. Spectrally
resolved transmittance and reflectance measurements are per-
formed by placing the electrochemical cell in a Bruker IFS
66/S Fourier transform infrared spectrometer with
transmittance/reflectance accessory. To avoid photoanodic
dissolution of yttriumtrihydride16 due to absorption of light
with energies above 2 eV, the sample is only illuminated
during the short time needed to record the spectra, typically a
few seconds. Simultaneous four-point resistivity measure-
ments are performed as described by van der Pauw21 using a
Keithley 2000 Multimeter. Details of the experimental setup
were given in a previous publication.17
Structural measurements employing high-angle x-ray
scattering are carried out in a Rigaku X-ray diffractometer,
operated in the u-2u mode using Cu Ka radiation from a
rotating anode X-ray generator (lCu Ka51.542 nm!. The
measuring time for the 2u-angle region 26° –36° is typically
10 min, to ensure good angle and time resolution. Hydrogen
~un!loading is done in the gas phase. Both x-ray spectra and
resistivity are recorded simultaneously as a function of time.
The four-point van der Pauw method21 for measuring resis-
tivity allows us, despite differences in sample geometry, to
link the x-ray-diffraction results to the electrochemical ex-
periments. As described previously, this limits the error in
the hydrogen concentration determination to 3%.14,17
The 1-M KOH electrolyte solution is prepared from pro
analysis grade chemicals and double distilled water. Before
each measurement high purity argon gas ~5N! is bubbled
through the solution to remove oxygen. During the experi-
ments an argon flow is maintained over the electrolyte. All
measurements are performed at room temperature.
III. RESULTS
A. Continuous galvanostatic loading
The result of an electrochemical loading experiment using
a 300-nm-thick yttrium film capped with a 15-nm-thick pal-
ladium layer ~to be referred to as 300Y/15Pd in the rest of
this work! in 1-M KOH is shown in Fig. 1. A constant cur-
rent u j u50.2 mA/cm2 ( j,0 is the absorption, and j.0 is
the desorption! is applied, resulting in a linear variation ofthe hydrogen concentration with time. Figure 1~a! shows the
optical transmittance at 1.96 eV. Two branches are observed:
the lower one for the case of hydrogen absorption, and the
higher one for desorption. With increasing hydrogen concen-
tration the transmittance first decreases and reaches a mini-
mum at x52.1. This decrease has been reported
previously.7,8,14,16–18 Upon further loading the transmittance
increases strongly to finally reach a constant value at x
.2.8. In the case of desorption the transmittance character-
istics are markedly different. Starting at maximum hydrogen
concentration the transmittance first drops to about 10%, ex-
hibits a humplike feature at x’2.65, and then decreases
monotonically to the stable dihydride state. The minimum at
x52.1 is not observed. When during hydrogen loading the
current is reversed at intermediate concentrations, the trans-
mittance immediately starts to rise until it reaches the de-
sorption branch which it then follows. Similarly, when
changing from desorption to absorption the transmittance de-
creases and joins the absorption branch. Variation of the ab-
sorption and desorption rate by changing the current density
has no marked influence on the aforementioned behavior.
Moreover, identical results are obtained from a potentiody-
namic measurement in which the potential is scanned at a
rate as low as 0.1 mV/s. Also, increasing the temperature up
to 70 °C does not lead to a significantly different behavior of
the transmittance characteristics.
The potential measured during hydrogen cycling de-
scribed above is shown in Fig. 1~b!. Upon loading with hy-
drogen the potential drops from 0 to 20.8 V almost imme-
diately. Between x52.1 and 2.6 the potential decreases
slowly, followed by a more rapid decline to a value near
FIG. 1. ~a! Optical transmittance at 1.96 eV and ~b! electrode
potential as a function of hydrogen concentration x for a 300Y/15Pd
film in 1-M KOH during a galvanostatic loading experiment. The
~un!loading current amounted to (1)20.2 mA/cm2. The arrows
indicate whether hydrogen is absorbed or desorbed.
10 090 PRB 62E. S. KOOIJ et al.21.2 V. At x52.6 hydrogen gas evolution at the electrode
surface (H2O1e2→ 12 H21OH2) starts to compete with hy-
drogenation of the yttrium film. The consumption of charge
carriers in the formation of H2 becomes increasingly more
important at negative potentials; when the potential reaches a
constant value near 21.2 V, no more hydrogen is absorbed
in the film. During hydrogen desorption, starting at any con-
centration, the potential rises slowly in the concentration
range where the transmittance increases from the absorption
to the desorption branch in Fig. 1~a!. Once the desorption
curve in transmittance is reached, the potential remains ap-
proximately constant at U520.4 V, to finally rise to values
U.0 V toward x51.9. When the current is reversed at an
arbitrary concentration either during absorption or desorp-
tion, a potential step of approximately 0.35 V is observed,
which is due to the fact that the cell potential U is a sum of
the equilibrium potential Ueq and an extra potential DU . The
latter is a result of charge transfer at the solid/electrolyte
interface, which introduces an overpotential h , and the
Ohmic potential (iR) drop in the electrolyte. In contrast to
the transmittance characteristics, the potential depends
strongly on temperature and applied current density. At
lower current densities and/or elevated temperatures the dif-
ference between the loading and unloading potentials de-
creases significantly. This is evident as the iR drop is di-
rectly related to the current density, and the overpotential h
depends on both current density and temperature.
In Fig. 2 the transmittance of Fig. 1~a! is shown on a
logarithmic scale. The large difference between absorption
and desorption is more pronounced, especially at low con-
centrations. For a full absorption and desorption cycle three
regimes can be distinguished in which the logarithm of the
transmittance (ln T) varies approximately linearly with con-
centration: ~i! during absorption between x51.9 and 2.1, the
transmittance decreases by about one order of magnitude; ~ii!
this is followed by a strong increase of the transmittance
over more than two orders of magnitude; and ~iii! during
desorption a linear decrease of ln T is observed. Although
less pronounced, the linear behavior of ln T is also observed
FIG. 2. Optical transmittance at 1.96 eV as a function of the
hydrogen concentration x for a 300Y/15Pd film. The solid line is
identical to the result of Fig. 1~a!, but now on a logarithmic scale.
Additionally, the result of a measurement using the galvanostatic
intermittent titration technique is shown (s , dashed curve!. The
equilibrium absorption results at high hydrogen concentrations are
corrected for the overestimate of x due to hydrogen gas evolution.during transitions between the absorption and desorption
branches at intermediate concentrations.
B. Equilibrium measurements
To eliminate effects related to the kinetics of hydrogena-
tion we employ the galvanostatic intermittent titration tech-
nique ~GITT! to study the physical properties of our electro-
chemically loaded switchable yttrium hydride films under
equilibrium conditions.17 In the GITT a constant current is
applied for some time to change the hydrogen concentration
by a certain amount. Whether hydrogen is absorbed or des-
orbed depends on the sign of the current. After this pulse the
current is interrupted, and the system relaxes under open-
circuit conditions, while the potential, resistivity and optical
transmittance and reflectance are monitored in situ. As men-
tioned in previous publications, the relaxation kinetics are
surprisingly slow,16,17 the origin of which is uncertain, and
which will be the subject of future work. The concentration
dependence of the aforementioned physical quantities is de-
termined using the values obtained at the end of the equili-
bration period. In Fig. 2 the optical transmittance at 1.96 eV
measured using the GITT is compared to what is found dur-
ing continuous galvanostatic loading. Although the hyster-
esis between the absorption and desorption is slightly less,
essentially the same features are observed. The minimum at
x52.1 during hydrogen loading is absent in unloading; the
three linear regimes are clearly observed. When switching
from the absorption curve to the desorption curve, and vice
versa, identical behavior is found as during the continuous
loading experiments ~not shown in Fig. 2!. As the hysteresis
in the optical transmittance observed under equilibrium con-
ditions is very similar to the result of the continuous
~un!loading experiment, the hysteretic behavior is not related
to the slow kinetics of the system.
From the equilibrium potential Ueq an equivalent hydro-
gen pressure pH2 (bar) is calculated using the Nernst equa-
tion
ln pH252
2F
RT ~Ueq10.926!, ~2!
where R58.314 J/K mol is the gas constant, and F596485
C/mol is the Faraday constant. This enables us to construct
the pressure-composition isotherm for the yttrium-hydrogen
system between dihydride and trihydride, both during hydro-
gen absorption and desorption. The result for a 300Y/15Pd
film in 1-M KOH is shown in Fig. 3. In absorption first a
strong increase is observed between x51.9 and 2.1, followed
by a much slower, almost linear increase of the logarithm of
the pressure with hydrogen concentration from pH253.2
31027 bar at x52.1 to pH251.5310
25 bar at x52.55. At x
values above 2.6 the pressure again increases more rapidly to
end at pH251 bar. This is the maximum attainable pressure
value for a hydrogen-metal system in equilibrium at an am-
bient pressure of 1 bar. As described in Sec. III A, competi-
tion between hydrogenation of the film and hydrogen gas
evolution leads to an increasing overestimate of the hydro-
gen concentration; the data are corrected for this overesti-
mate by assuming an exponential potential dependence of
the kinetics for hydrogen gas evolution near 20.926 V. A
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3. After a sharp decrease of the pressure, an almost flat pla-
teau is found between x52.6 and 2.0 at pH257.5310
210
bar. Toward x51.9 the pressures again decreases very rap-
idly. When starting to desorb hydrogen at intermediate con-
centrations ~open circles and triangles!, a similar pressure
drop is observed until the plateau is reached, and the pressure
then exhibits the same characteristics as for a full desorption.
From the plateau pressure corresponding to a coexistence
region between two phases (b and g in our case! we can
calculate the enthalpy of formation DH f using the
relation22,23
ln pH25
2DH f
RT 1
SH2
0
R , ~3!
where SH2
0 5130.8 J/K mol H2 is the standard molar entropy
of hydrogen gas. From the desorption plateau we obtain
DH f5244.8 kJ/mol H. Considering that Eq. ~3! underesti-
mates DH f , this value is in reasonable agreement with the
value DH f5241.8 kJ/mol H, as determined by Flotow
et al.24 Yannopoulos et al.25 measured isotherms in the range
250–350 °C, and from a fit to the plateau pressure as a func-
tion of temperature DH f5243.1 and 242.2 kJ/mol H are
obtained for absorption and desorption, respectively. From
the absorption isotherm we can estimate the partial molar
enthalpy to have a value between DH¯ 5237.4 and 232.7
kJ/mol H by taking the pressure values pH253.2310
27 bar
and pH251.5310
25 bar at x52.1 and 2.55, respectively.
These enthalpies are significantly higher than the values
mentioned above for the case of hydrogen desorption. For
comparison, from an absorption isotherm, measured by
means of a quartz-crystal microbalance, Huiberts et al.20
found a sloping plateau around pH259.21310
25 bar, from
which they obtain a formation enthalpy DH¯ 5230.0 kJ/mol
H.
The resistivity, measured simultaneously with the
pressure-composition isotherms in Fig. 3, is plotted in Fig. 4.
The resistivity r529 mV cm in the desorbed dihydride state
FIG. 3. Pressure-composition isotherm of a 300Y/15Pd film.
Measurements were performed using the galvanostatic intermittent
titration technique. The filled and open symbols pertain to hydrogen
absorption and desorption, respectively. The absorption results at
high hydrogen concentrations are corrected for the overestimate of
x due to hydrogen gas evolution.at x51.9 corresponds to the minimum value measured in a
first loading experiment using an as-deposited sample.17 An
increase of the hydrogen concentration results in a sharp rise
of the resistivity followed by a characteristic kink near x
52.04 at r’0.14 mV cm, after which the resistivity in-
creases further to reach a final value r57.8 mV cm. The
resistivity values are corrected for the short circuit through
the palladium cap layer using the parallel resistor model for
the 15-nm-thick palladium layer and the 300-nm-thick yt-
trium layer.26 When approaching x53 this shunting effect
becomes increasingly more important, owing to the strong
rise of the resistivity of substoichiometric yttrium trihydride
in this concentration range.17 When desorbing hydrogen
from the film the measured resistivity values are markedly
lower, leading to hysteresis in the electrical characteristics.
Furthermore, the kink which was observed in absorption is
hardly discernible upon unloading. Similar to what has been
described for the transmittance and the pressure-composition
isotherms, when starting desorption or absorption at interme-
diate hydrogen concentrations a transition is seen from the
top to the bottom branch, or vice versa ~the latter is not
shown in Fig. 4!.
C. X-ray diffraction
Bulk yttrium crystallizes in the hexagonal close-packed
~hcp! structure, which upon hydrogenation transforms to the
face-centered cubic ~fcc! structure in the dihydride state. At
even higher hydrogen concentrations towards the trihydride
state a second crystallographic phase transition brings the
system back to the hcp structure.27,28 More precisely, by
means of neutron diffraction YH3 was shown to have a
HoD3 (P3¯ c1) structure,29,30 but the small displacements of
the yttrium atoms and the positions of the hydrogen atoms
are not visible in x-ray diffraction. As the structural proper-
ties of YHx films may differ from those available in the
literature ~which are only for bulk or powder samples! we
carried out a detailed investigation by means of in situ x-ray
diffraction on YHx films loaded from the gas phase. As de-
FIG. 4. Resistivity as a function of hydrogen concentration x for
a 300Y/15Pd film. Measurements were performed using the gal-
vanostatic intermittent titration technique. The filled and open sym-
bols pertain to hydrogen absorption and desorption, respectively.
The absorption results at high hydrogen concentrations are cor-
rected for the overestimate of x due to hydrogen gas evolution. The
resistivity values are corrected for the palladium cap layer.
10 092 PRB 62E. S. KOOIJ et al.scribed in Sec. II, the results are mapped onto the electro-
chemical results via the electrical resistivity, which is mea-
sured simultaneously in the x-ray experiment and in the
electrolytical/optical experiments described in the previous
sections, thereby giving the concentration dependence of the
crystallographic structure. To obtain even more direct infor-
mation on this hydrogen concentration dependence, we plan
to perform an in situ study of the crystallographic structure
of electrochemically loaded YHx films using synchrotron ra-
diation.
Although our molecular-beam-epitaxy-grown films are
polycrystalline, they show a preferential orientation with the
@002# direction (c axis! perpendicular to the substrate, or in
other words, with the hexagonal basal planes of the hcp unit
cell parallel to the substrate. Upon hydrogenation a reorder-
ing of the hexagonal planes yields the fcc structure with the
@111# direction perpendicular to the substrate. In Table I bulk
literature values for the lattice constants of YHx are summa-
rized. Also given are the separation d’ between consecutive
hexagonal planes ~hcp: d’5c/2; fcc: d’5a/A3), the
nearest-neighbor distance d i within these planes ~hcp: d i
5a; fcc: d i5a/A2) and the molar yttrium volume V¯ Y .
Upon hydrogenation the major expansion is along the origi-
nal c axis ~4.7% between Y and YH2 and 10.3% between
YH2 and YH3), while the maximum a-axis change is limited
to 0.8%. This implies that in a crystallographic study of the
YHx system we can focus on a narrow 2u range (26° –32°)
containing only the ~002! hcp Y, ~111! fcc YH2 , and ~002!
hcp YH3 reflectance peaks. Experimentally obtained lattice
constants are listed in Table II. The lattice constant of our
as-grown yttrium is slightly larger than that reported for bulk
material; this is in agreement with the as-deposited initial
hydrogen concentration x’0.08 as found by Huiberts et al.20
The out-of-plane expansion amounts to 4.2% between Y and
YH2 and 10.0% between YH2 and YH3, which is slightly
smaller than for bulk material. The in-plane expansion to-
ward YH32d is larger than what is found for bulk material.
The result of an x-ray experiment on a 300Y/15Pd film
loaded from the gas phase is shown in Fig. 5. As mentioned
before, we only focus on the concentration range between the
TABLE I. Lattice constants for bulk yttrium, yttrium dihydride,
and yttrium trihydride reported in literature. Also given are the
calculated distances d’ and d i between the hexagonal planes and
the nearest-neighbor distance within these planes, respectively. In
the last column the molar YHx volume is listed.
Ref. a (Å ) c (Å ) d’ (Å ) d i (Å ) V¯ YHx (cm3)
hcp Y 31 3.650 5.737 2.8685 3.650 19.924
fcc YH2 32 5.199 - 3.0016 3.6762 21.149
33 5.205 - 3.0051 3.6805 21.222
34 5.201 - 3.0028 3.6777 21.174
35 5.209 - 3.0074 3.6833 21.272
Average 5.2035 - 3.0042 3.6794 21.204
hcp YH3 33 3.672 6.659 3.3295 3.672 23.405
34 3.674 6.599 3.2995 3.674 23.220
24 3.672 6.625 3.3125 3.672 23.285
Average 3.6727 6.6277 3.3140 3.6727 23.304dihydride and trihydride configurations. The inset shows
three diffraction spectra obtained in the dihydride phase
~solid line!, the trihydride phase ~dotted line!, and at an in-
termediate hydrogen concentration ~dashed line!. Two peaks
at 2u526.97° and 29.68° correspond to the ~111! fcc YH2
and ~002! hcp YH3 reflectances, respectively. In Fig. 5 the
intensity ratio h5IYH3(002) /IYH2(111) is plotted as a function
of hydrogen concentration during absorption and desorption.
These data reveal a most remarkable behavior of YHx films
during hydrogen loading and unloading. Upon hydrogen
loading the intensity ratio h increases by five orders of mag-
nitude, indicating a rapid transformation from fcc to hcp.
This transformation is essentially complete at x’2.15.
Above x52.15, YHx is therefore in a hcp phase in sharp
contrast with bulk YHx . Upon hydrogen desorption the fcc
phase immediately precipitates at high hydrogen concentra-
tions x. All the way down to the stable dihydride configura-
tion the two crystallographic phases coexist as observed in
bulk samples.
This hysteretic behavior is also clearly observed in Fig. 6,
which shows contour plots of concentration-dependent x-ray
spectra during hydrogen absorption and desorption. The two
intensity maxima at 2u526.97° and 29.68° were described
TABLE II. Experimentally determined lattice constants of a
300-nm Y, 15-nm Pd film loaded from the gas phase. As in Table I,
the calculated distances d’ and d i between the hexagonal planes
and the nearest-neighbor distance within these planes, as well as the
molar YHx volume, are given.
a (Å ) c Å  d’ (Å ) d i (Å ) V¯ YHx (cm3)
hcp Y 3.662 5.770 2.885 3.662 20.170
fcc YH2 5.206 - 3.006 3.681 21.235
hcp YH2.2 3.713 6.613 3.307 3.713 23.766
hcp YH3 3.713 6.612 3.306 3.713 23.762
FIG. 5. Intensity ratio of the ~002! and ~111! x-ray-diffraction
peaks of hcp YH3 and fcc YH2, respectively, as a function of hy-
drogen concentration x during a gas phase loading experiment using
a 300Y/15Pd film. Spectra were measured as a function of resistiv-
ity; the corresponding hydrogen concentration was obtained from
the results in Fig. 4. The filled and open symbols pertain to hydro-
gen absorption and desorption, respectively. The inset shows three
diffraction spectra obtained in the fcc b phase ~solid line; x52.0),
in the b-g two-phase region ~dashed line; x52.4 during desorp-
tion!, and in the hcp g phase ~dotted line; x52.7).
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responds to the ~101! hcp YH3 reflectance. Due to the loga-
rithmic grayscale, this small peak is greatly enlarged. There
is no discernible shift of the peaks in both fcc YH2 and hcp
YH3 phases, either during absorption or desorption. This is
especially surprising during absorption as it implies that
above x52.15 the c axis of the single hcp phase does not
expand during hydrogen uptake up to x52.8.
D. Optical spectroscopy
The GITT allows us to simultaneously perform optical
transmittance and reflectance measurements. At the end of
every equilibration period, transmittance and reflectance
spectra are recorded. Figure 7 shows contour plots of the
transmittance as a function of hydrogen concentration during
electrochemical absorption ~a! and desorption ~b!. In Fig. 8,
spectra of the optical transmittance during loading ~a! and
unloading ~b! in the low concentration range (1.9<x<2.3)
are presented. Clearly, there are marked differences between
hydrogen absorption and desorption. The dihydride transmit-
tance window, with a maximum transmittance of approxi-
mately 1.3% at a photon energy Eph51.8 eV, shifts to lower
energy (Eph51.6 eV at x52.1), while the maximum inten-
sity drops to 0.35%. After the minimum at x52.1 toward
fully loaded trihydride the transmittance increases exponen-
tially over a wide spectral range (1.4<Eph<3.0 eV), simi-
lar to what was observed in Figs. 1 and 2 at a photon energy
Eph51.96 eV.
In desorption a similar exponential decrease is also ob-
served, but now all the way down to the low concentration
FIG. 6. Contour plots of the x-ray intensity as a function of
hydrogen concentration x during absorption ~a! and desorption ~b!.
The grayscale corresponds to a logarithmic intensity scale.limit; no minimum is observed. Moreover, already at rela-
tively high concentrations (x’2.6) the characteristic dihy-
dride maximum can be discerned at Eph51.8 eV. Also,
there is no marked shift of this maximum, as was the case
during absorption between x51.9 and 2.1. When desorption
is started at intermediate concentrations @Fig. 8~b!# the trans-
mittance characteristics immediately show a transition to di-
hydridelike behavior with a peak near Eph51.8 eV. The in-
tensity maximum at x52.18 ~curve 6, peak intensity 1.6%! is
followed by a decrease of the intensity over the entire spec-
tral range. As in the contour plot of Fig. 7, there is no
marked shift of the transmittance peak in Fig. 8~b!. Close to
the lowest attainable hydrogen concentration, the spectrum
~curve 8! has a slightly lower transmittance (1.2%) than the
final dihydride transmittance.
In Fig. 9 contour plots of the optical reflectance as a func-
tion of hydrogen concentration are presented for absorption
~a! and desorption ~b!. Figure 10 shows reflectance spectra
during loading ~a! and unloading ~b! in the low concentration
range (1.9<x<2.3), corresponding to the optical transmit-
tance spectra of Fig. 8. Although less pronounced, the reflec-
tance also exhibits hysteresis. The strong reflectance of YH2
below the apparent plasma energy at Eph51.6 eV is related
to the number of free charge carriers, while the features at
higher photon energies are related to interband transitions. A
more detailed description of the relation between optical
properties and electronic band structure will be given else-
FIG. 7. Contour plots of the optical transmittance for an elec-
trochemically loaded 300Y/15Pd film as a function of the hydrogen
concentration x during hydrogen absorption ~a! and desorption ~b!.
The step size was Dx560.05. The lightest regions correspond to a
maximum transmittance of approximately 18%. The grayscale cor-
responds to a logarithmic intensity scale.
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free-electron reflectance shifts to lower energy, indicating a
lowering of the free charge-carrier density. At hydrogen con-
centrations above x52.3 the free-electron contribution has
moved out of the detection range. At higher hydrogen con-
centrations (x>2.5) the spectra exhibit characteristics of a
transparent insulator. The reflectance is low (,25%), and
interference of the light reflected at the palladium/yttrium
interface and the yttrium/substrate interface is observed. Ab-
sorption above the optical gap of 2.8 eV results in a strong
diminishing of these interference fringes, in agreement with
the decline of the transmittance in the same energy range
~Fig. 7!.
Desorption of hydrogen leads to a decrease of the inter-
ference pattern and results in a reappearance of the low-
energy reflectance. However, this free-electron contribution
is already observed at x52.4, and the onset of this reflec-
tance is always at higher photon energy than during absorp-
tion at corresponding x values @compare Figs. 9~a! and 9~b!#.
This is in qualitative agreement with the resistivity data of
Fig. 4, since the average plasma energy \vp is related to the
average density of free electrons n through vp
25ne2/«0m*,
where e, «0, and m* are all constants.36 Assuming that we
can envisage the YHx system in terms of an effective me-
dium, both the higher plasma energy \vp and the lower
resistivity observed during hydrogen desorption indicate a
larger overall number of free charge carriers.
FIG. 8. ~a! Optical transmittance spectra for an electrochemi-
cally loaded 300Y/15Pd film during hydrogen absorption. The num-
bers 1–5 correspond to hydrogen concentrations x51.9, 2.0, 2.1,
2.2, and 2.3, respectively. ~b! Same as in ~a!, but now during hy-
drogen desorption started at x52.3. The numbers 5–13 correspond
to concentrations x52.3, 2.28, 2.25, 2.23, 2.2, 2.18, 2.1, 2.0, and
1.95, respectively.IV. DISCUSSION
Since the large hysteresis reported in Sec. III is related to
the intrinsic difference between single hcp YHx synthesized
during hydrogen absorption and mixed-phase YHx during
desorption, we discuss hydrogen absorption and desorption
separately, starting with hydrogen desorption since it be-
haves very similarly to bulk ~or powder! YHx .
A. Hydrogen desorption
The characteristics of thin YHx films described in this
work during desorption from trihydride to dihydride show
strong similarities with what has been reported for bulk ma-
terial. From the x-ray-diffraction results in Figs. 5 and 6~b!,
it is clear that from x52.7 down to 2.0 fcc YH21d and hcp
YH32d phases coexist. Further evidence for the coexistence
of the two phases is given by the pressure-composition iso-
therm in Fig. 3, which exhibits a plateau in the same concen-
tration range. The limiting hydrogen concentrations of the
two-phase region are in reasonable agreement with the val-
ues found for bulk YHx .27 Moreover, the heat of formation
estimated from our desorption isotherm is comparable to val-
ues determined by Flotow et al.,24 and obtained from a fit to
data measured at elevated temperatures ~250–350 °C).25
The transmittance and the resistivity measured in the co-
existing phase region are related to the optical and electrical
properties of the two separate phases. The hydrogen concen-
FIG. 9. Contour plots of the optical reflectance for an electro-
chemically loaded 300Y/15Pd film as a function of the hydrogen
concentration x during hydrogen absorption ~a! and desorption ~b!.
The step size was Dx560.05. The lightest regions correspond to a
maximum reflectance of approximately 85%. The grayscale corre-
sponds to a linear intensity scale.
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tivity can be rationalized by means of a simple model.37 Let
us assume that a fraction n of the film consists of regions
where the high concentration g-YH2.7 and the low concen-
tration b-YH2.0 coexist next to each other in a columnar way.
In the rest of the film ~fraction 12n) the two phases are
stacked on top of each other in a layered configuration. This
is schematically shown in the inset of Fig. 11~a!. Considering
that the current used to measure the resistivity passes through
the film horizontally, while the transmitted light travels ver-
tically, we arrive at the following expressions for the optical
transmittance ~using the Lambert-Beer relation! and the elec-
trical resistivity:
T5n@~12y !Tb1yTg#1~12n!@~Tb!12y~Tg!y# , ~4a!
r tot5n@~12y !rb1yrg#1
12n
12y
rb
1
y
rg
, ~4b!
where Tb (Tg) and rb (rg) represent the transmittance and
resistivity of a complete b-YH2.0 (g-YH2.7) layer, and y
5(x22.0)/(2.722.0) is the overall fraction of g-YH2.7
phase ~from Fig. 3!. Using n5a1b exp(y/c) with a
50.086, b59.231024, and c50.144 @see Fig. 11~a!#, we
obtain good fits to both the transmittance and the resistivity
data. The results are shown in Figs. 12~a! and 12~b!, where
the solid lines represent calculated curves and the data points
correspond to the desorption data in Figs. 2 and 4.
FIG. 10. ~a! Optical reflectance spectra for an electrochemically
loaded 300Y/15Pd film during hydrogen absorption. The numbers
1–9 denote successive spectra from x51.9 to x52.3 (Dx50.05).
~b! Same as in ~a!, but now during hydrogen desorption. The num-
bers 9–16 denote successive spectra from x52.3 to 1.95 (Dx5
20.05).Using the function n we can easily calculate the fractions
of the horizontal and vertical b and g phases as a function of
the scaled hydrogen concentration y; the result is shown in
Fig. 11~b!. Moreover, for three values of y the distribution of
the phases is schematically shown in Fig. 13. It is immedi-
ately clear that at low concentrations the two phases are
mainly distributed in a layered configuration; only a small
fraction of the g-YH2.7 phase forms columnar structures
through the entire thickness of the film. With increasing hy-
drogen content the fraction of b-YH2.0 phase distributed in
columns stays approximately constant, while the penetration
of the high concentration phase through the whole film be-
comes considerable toward the complete g-YH2.7 configura-
tion.
B. Hydrogen absorption
As mentioned before, YHx behaves completely differently
during absorption than bulk material. Two regimes can be
distinguished during hydrogen loading. From the x-ray-
diffraction results in Fig. 5 it follows that in the narrow con-
centration range between x51.9 and 2.1 a rapid transition
occurs from the cubic to the hexagonal structure. Surpris-
ingly, at concentrations above x52.1 the thin YHx film re-
mains in the hcp phase, and does not exhibit any further
expansion @Fig. 6~a!#. The separation into two absorption
regimes is also apparent from the transmittance minimum at
x52.1 in Figs. 1 ~a!, 2, 7~a!, and 8~a!, and the sudden change
of slope in the resistivity near x52.1 in Fig. 4.
FIG. 11. ~a! The function n as a function of the scaled concen-
tration y5(x22.0)/(2.722.0) in the two-phase region. The inset
shows a schematic representation of various phases we used to
model the experimentally observed transmittance and resistivity. ~b!
Fraction of the various phases as a function of the scaled hydrogen
concentration, calculated using the function n .
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linear decrease of ln T with hydrogen concentration can be
understood in terms of a similar model as described for the
case of hydrogen desorption, but now with a moderately
transparent (;1%) fcc phase and a much more opaque low-
concentration hcp phase. Furthermore, up to x52.1 the
transmittance spectra exhibit a maximum which shifts
slightly to lower energy @Fig. 7~a!#, but is still reminiscent of
the characteristic dihydride transmittance. To our surprise,
the pressure-composition isotherm in Fig. 3 does not show a
plateau for 1.9,x,2.1. Also, the dynamic results of Fig.
1~b! do not indicate a plateau in this concentration range, but
merely a difference in slope below and above x52.1.
At first sight it is rather surprising that in the single hcp
phase the crystal lattice does not show any expansion @Fig.
6~a!# over the entire concentration range between 2.1<x
<2.8. However, this constancy of the lattice spacing is con-
sistent with calculations of Chou et al.38 for various phases
of YHx between the dihydride and trihydride phases. The
molar volume decreases smoothly by less than 1%. This be-
havior is also similar to LaHx ,27 which remains in the fcc
phase for all x.2. Most fascinating for the fundamental un-
derstanding of switchable mirrors is that the metal-insulator
transition, which is seen in the concentration dependency of
the transmittance, reflectance, and resistivity, occurs com-
pletely within a single hcp phase. For x.2.1, YHx is thus
one of the few systems with a continuous metal-insulator
transition. Compared to other such systems @Si:P ~Ref. 39!
FIG. 12. Transmittance ~a! and resistivity ~b! in the two-phase
coexistence region as a function of the scaled hydrogen concentra-
tion y, taken from Figs. 2 and 4. The solid lines are calculated using
the model described in the text. The dashed lines represent the
transmittance and resistivity during absorption, also taken from
Figs. 2 and 4.and NiSe22xSx ~Refs. 40 and 41!#, YHx has the advantage
that the concentration of one of its constituents ~hydrogen!
can be varied continuously in situ. Furthermore, the above
indicates that the metal-insulator transition in YHx is not due
to a structural phase transition. In this sense YHx resembles
LaHx and Y12yMgyHx alloys. In a recent study13,42 it was
found that, with more than 10% magnesium, the cubic fcc
YH2 phase in these alloys is stabilized, i.e., a structural phase
transition is absent. Nevertheless, similar to YHx and LaHx ,
the Y12yMgyHx alloys exhibit dramatic changes in their op-
tical and electrical properties when the hydrogen concentra-
tion is varied. This implies that the metal-insulator transition
in RHx systems is merely driven by the variation of the hy-
drogen concentration. It is, however, conceivable that it is
accompanied by an ordering within the hydrogen
sublattice.43,44
The concentration dependence of the electrical resistivity
~Fig. 4! and the optical transmittance ~Fig. 2! in the single
phase region (x.2.1) can be interpreted in terms of a de-
scription given by Ng et al. for LaHx .45,46 In their work
LaH3 is described as an insulator, in which the hydrogen
bandwidth is markedly decreased by strong electron correla-
tion effects. The removal of neutral hydrogen atoms from the
octahedral sites ~or in-plane and near-plane sites in hcp YHx)
introduces vacancies, which effectively donate an electron to
the conduction band. The strongly localized nature of these
electronic vacancy states leads to the formation of an impu-
rity band at very high doping levels of about 20%. Upon
lowering the hydrogen concentration the vacancy concentra-
tion rises, and the overlap between the impurity states in-
creases substantially. This leads to a higher mobile charge-
carrier density and thus to a lower resistivity, in qualitative
agreement with the result of Fig. 4.
FIG. 13. Schematic illustration of the distribution of the
b-YH2.0 and g-YH2.7 phases within the film at three hydrogen con-
centrations: ~a! y50.1, ~b! y50.5, and ~c! y50.9. The black and
white regions represent the g-YH2.7 and b-YH2.0 phases, respec-
tively. Note that in reality the columnar and layered regions will be
randomly distributed throughout the sample.
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Fig. 2 can also be understood in terms of the model by Ng et
al.45,46 described above. When we assume that an optical
extinction coefficient « i is associated with the aforemen-
tioned vacancy state, and consider all other contributions to
the optical absorption to be independent of the hydrogen
concentration x, the transmittance is given by
TYHx5T0 exp@2« i~32x !NYH3d# , ~5!
in which T0 and « i are constant, NYH3 is the yttrium density
in YH3 and d is the thickness of the film. Additionally, based
on their theoretical calculations, Ng et al.46 found that the
optical absorbance due to the hydrogen vacancy states is es-
sentially independent of the photon energy. This is indeed
observed in Fig. 7~a! by the increase of the transmittance
over the entire spectral range with increasing concentrations
above x52.1.
The absence of a plateau for x.2.1 in the absorption
isotherm in Fig. 3 is also in agreement with a single-phase
region. Starting from the lattice-gas model as described by
Lacher,47 we can estimate the effective H-H interaction from
the pressure-composition isotherm. Within this simple model
the hydrogen gas pressure and the hydrogen concentration in
the film are related by
ln
p
p0~T !
52 lnFx2232xG1 2DH¯ ~x !kT , ~6!
where DH¯ (x) is the concentration dependent formation en-
thalpy, and p0(T) depends only on temperature. A good fit to
the absorption isotherm was obtained ~see Fig. 14! using a
formation enthalpy of the form
DH¯ ~x !5DH¯ ~2 !1a~x22 !1b~x22 !c, ~7!
with a5247 meV, b5380 meV, and c55.6. The linear
term in Eq. ~7! is generally assumed to consist predomi-
nantly of an elastic contribution DH¯ elastic(x) to the formation
enthalpy, while the last term can be considered to represent
the additional H-H interactions, possibly of electronic
nature.48 The value a5247 meV indicates an attractive but
FIG. 14. Logarithm of the hydrogen pressure as a function of
the hydrogen concentration. The data points are identical to the
absorption isotherm in Fig. 3. The solid line is a fit to the data as
described in the text. The dashed line represents the desorption
isotherm of Fig. 3.weak elastic H-H interaction. Due to the large exponent c,
the critical temperature is essentially given by Tc52a/4k ,
which amounts to Tc5136 K. Unfortunately, at this tempera-
ture electrolytical ~or gaseous! loading is not possible. The
low value a5247 meV compared to, for example, Pd
(2529 meV!48 and Nb (2280 meV!,48 is consistent with the
essentially zero lattice expansion in YHx for x.2.1 ~see Fig.
6 and Table II!, since the elastic contribution is given by23
dDH¯ elastic
dx 52BV
¯ H
d ln V
dx 52B
~V¯ H!2
V¯ YHx
, ~8!
where B represents the bulk modulus, V¯ H is the molar vol-
ume of hydrogen, and V¯ YHx is the molar volume of YHx .
The absence of any lattice expansion in YHx.2.1 implies an
even smaller elastic H-H interaction, indicating that the lin-
ear term in Eq. ~7! may also be ascribed to an electronic H-H
interaction.
C. Hysteresis
The differences in hydrogen absorption and desorption,
described in the previous sections, result in considerable hys-
teresis in the YHx thin-film system. The optical transmit-
tance, pressure, resistivity and crystallographic structure
shown in Figs. 2–5 all execute closed loops when the hydro-
gen concentration is cycled. Additionally, when the concen-
tration is varied over a limited range, the physical properties
move back and forth between the absorption and desorption
branches. Considering the large single-phase range in ab-
sorption (2.1<x<2.8), this is quite remarkable. For ex-
ample, when starting to unload hydrogen near x52.4 the
system joins the desorption branch near x52.25 ~open
circles in Figs. 3–5!. This implies a disproportionation reac-
tion, as in desorption at x52.25 two phases coexist: ~i! a
high concentration hcp phase (x’2.7), and ~ii! a low con-
centration fcc phase (x’2.0). But then the hydrogen has
rearranged in such a way that the hydrogen concentration in
regions which remain in the hexagonal phase has increased
from x52.4 ~this was the case for the entire sample before
starting desorption! to x’2.7, a transformation which is ob-
viously driven by the precipitation of the low concentration
fcc phase.
The hysteresis described in the present work is consider-
ably larger than what has been reported in literature for other
MHx system. To our knowledge the only report of such large
hysteresis is in thin film electroprecipitated nickel hydroxide
(NiO2Hx) electrodes49 when the hydrogen concentration is
varied between x51 and 2. The major difference between
bulk material and thin films lies in the fact that bulk material
is able to expand in all three directions. Clamping of the film
to the substrate on which it is deposited, induces a strong
anisotropy in the expansion.50 However, we also observed
the phenomena mentioned in this paper in YHx films depos-
ited on different, flexible ~polymer! substrates. This implies
that clamping is not responsible for the large hysteresis ob-
served in YHx . Further evidence is also provided by the
absence of significant differences in lattice parameters of thin
films and bulk material ~compare Tables I and II!.
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is responsible for the hysteresis, it is reasonable to assume
that it is related to large strains ~and consequently stress!
at the interface between fcc YH1.9 and hcp YHx>2.1 . YHx
films are composed of small crystal grains with an
average diameter smaller than 70 nm in the case of
our 300-nm film.51 Upon absorption of only a small quantity
of hydrogen certain grains transform from a cubic structure
to a hexagonal structure. As a result of the elastic interaction
between neighboring crystallites, the entire film is trans-
formed into the hcp phase at concentrations as low as x
52.1 ~see Figs. 5 and 6!. Apparently, the absence of such
interaction during desorption allows individual crystallites to
transform back to the fcc phase, while other crystallites re-
main in the ~considerably more expanded! hcp phase. The
absence of significant differences in electrochemical hydro-
gen loading and unloading of LaHx films,52 which remain in
the fcc phase for all x>2, also supports our assumption that
the hysteresis phenomena described in this paper are related
to the structural fcc-hcp phase transition in the YHx system
for x.2.
Owing to the stress-induced interaction the absorption
isotherm is significantly different from the desorption
isotherm. From Fig. 3 we can estimate the difference dDH f
in formation enthalpies associated with the fcc→hcp
and hcp→fcc transitions. In desorption, the pressure
plateau yields DH f
g→b5244.8 kJ/mol H. As mentioned
above during absorption the phase transition occurs within
a narrow concentration range (1.9<x<2.1) in which no
plateau is observed. From the pressure at x52.0 (pH2
52.9131028 bar! we estimate DH f
b→g5240.3 kJ/mol H.
The difference dDH f54.5 kJ/mol H is of the same order
of magnitude as the values dDH f54.82 and 8.88 kJ/mol H
calculated from the hysteresis in the equilibrium potential
for hydrogen intercalation in NiO2Hx ~0.050 and 0.092 V
for electrodes with and without cobalt hydroxide,
respectively! in the work of Ta and Newman.49 Considering
that at every hydrogen concentration the YHx film can be in
two different crystallographic states, it is interesting to com-
pare our experimental value for dDH f with the heat of trans-
formation associated to similar structural transitions of pure
yttrium and lanthanum. At elevated temperatures the heat
involved in transforming hcp Y to bcc Y (T tr51478 °C) is
DH tr54.99 kJ/mol Y, while for the transition of double hcp
La to fcc La (T tr5310 °C) and of fcc La to bcc La (T tr
5865 °C) the heats of transformation amount to DH tr
50.36 and 3.12 kJ/mol La, respectively.53 The fact that these
values are of the same order of magnitude indicates that the
difference we observe in our absorption and desorption iso-
therms may also be related to differences in the crystallo-
graphic configuration.
Finally, the importance of stress in the YHx thin films also
follows from a comparison between x-ray spectra of as-
deposited hcp-Y films and hydrogenated hcp YH3 films. As
mentioned in Sec. I, our as-deposited films are polycrystal-
line with a preferred orientation with the @002# direction per-
pendicular to the substrate surface. However, expansion
upon hydrogenation of grains with the @002# direction paral-
lel to the substrate will be hindered by neighboring material.
The stress which is built up leads to plastic deformation anda reorientation of the crystal grains in such a way that the
@002# directions of the different crystals align perpendicular
to the substrate. This is expressed in x-ray measurements by
a marked increase of the ratio of the ~002! and ~101! peak
intensities upon hydrogenation of hcp Y (IY(002) /IY(101)
’1.9) to hcp YH3 (IYH3(002) /IYH3(101)’20). Furthermore,
stress-induced deflection measurements54,55 on YHx films
show a compressive stress in the range 0.2–1.0 GPa ~Refs.
55 and 56! upon hydrogenation of YH2 to YH3, which is at
least an order of magnitude lower than what is expected on
the basis of the 10% expansion along the hcp @002# direction.
This can only be accounted for by a reorientation of the
crystallites with the direction of maximum expansion per-
pendicular to the substrate.
V. CONCLUSION
We have studied the hysteresis in the physical properties
of thin YHx films in the reversible concentration range be-
tween fcc YH21d and hcp YH32d . The differences between
hydrogen absorption and desorption are considerably larger
than what has been described previously in literature for any
metal-hydrogen system. During desorption the crystallo-
graphic structure determined from in situ x-ray-diffraction
experiments and the electrochemically measured pressure-
composition isotherms indicate a large concentration range
where the dihydride and trihydride phases coexist, identical
to what has been found previously with bulk material. The
optical transmittance exhibits an exponential decrease over
the entire spectral range upon hydrogen unloading. The con-
centration dependency of both the transmittance and the
electrical resistivity can be described by a simple model in
which both columnar and layered distributions of the two
coexisting phases is taken into account.
Upon hydrogen absorption a rapid structural fcc-hcp tran-
sition is observed at low concentrations (1.9<x<2.1),
which is accompanied by a decline of the characteristic di-
hydride transmittance window. A plateau in the pressure-
composition isotherm was not found. Very remarkable is that
at hydrogen concentrations above x52.1 the film remains in
the hcp phase and does not show any further expansion to-
ward x53. In this sense YHx is similar to LaHx , which
remains in the cubic structure at all concentrations 2<x<3,
but exhibits a similar metal-insulator transition. The optical
and electrical properties accompanying this metal-insulator
transition can be interpreted in terms of hydrogen vacancies
in stoichiometric YH3. Removal of hydrogen vacancies leads
to a reduction of charge carriers, and thus to a higher resis-
tivity. The reduction in the density of defect states results in
a lower optical absorbance and consequently a higher trans-
mittance, in agreement with experimental results.
Finally, the extremely large hysteresis effects in the vari-
ous physical properties are discussed in terms of strains ~and
consequently stress! at the interface between fcc YH2 and
hcp YH3. On the basis of experiments on more flexible sub-
strates and a comparison between bulk and thin-film lattice
constants, we argue that the stress is not related to clamping
of the film to the substrate. The stress between the two
PRB 62 10 099HYSTERESIS AND THE SINGLE-PHASE METAL- . . .phases results in a reorientation of the crystal grains within
the film with the ~002! direction perpendicular to the sub-
strate.
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